The effects of sepiolite on fire behavior of ammonium polyphosphate-based intumescent flame retardant (IFR)/polypropylene (PP) were investigated. The disaggregation of sepiolite bundles has been provided by wet-milling as the zeta potential value decreased from − 9.6 to − 31.3 mV. PP and additives were compounded by a twin-screw extruder and molded by injection. A total additive content of 20 wt% in PP and various proportions of sepiolite (1.0-10.0 wt%) in flame retardant (FR) formulation were studied. The flammability of the samples was measured by limit oxygen index (LOI) test and cone calorimetry. The LOI of neat PP (19%) was increased to 32.2% when sepiolite and IFR were used. The peak heat release rate of neat PP (1566.4 kW/m 2 ) was also significantly reduced (94.7 kW/m 2 ) when sepiolite was added with IFR. Thermal analyses results showed that, at higher temperature (700°C), IFR and sepiolite increased the char residue (9 wt%) compared to neat PP (0 wt%).
Introduction
Polypropylene (PP) has attracted the interest of packaging, automotive, medical and textile industries in the last few decades because of ease of processing and low cost features. PP fibers have been widely used in textiles because of their low specific gravity, high strength, chemical and stain resistance features (1) . However, PP burns rapidly, without leaving a char residue due to its wholly aliphatic carbon structure (2) . Flame retardant (FR) materials such as halogenated, phosphorus and metallic compounds have been used to increase FR properties of PP. However, because of the environmental and health concerns the use of halogenated FR materials, in particular, is becoming increasingly limited (3) . Therefore, there is an increasing demand for the development of novel and efficient alternative FR systems. Intumescent flame retardant (IFR) systems have been considered as alternative FRs for polyolefins because of their low smoke generation, low release of toxic gases and anti dripping properties (4) . A very well-known IFR system is PP containing ammonium polyphosphate (APP)/ pentaerythritol or an intumescent commercial additive such as Exolit AP750, Clariant (APP with an aromatic ester of tris(2-hydroxyethyl)-isocyanurate at 30 wt% loading) (5) . The relatively low FR efficiency of IFR systems requires the use of more additives at higher concentrations, which may further impair the mechanical properties of materials that is a major concern for textile applications in particular.
Various inorganic materials such as sepiolite (6) , montmorillonite (7), zinc borate (8, 9) , zeolite (10, 11) and lanthanum oxide (12) have been used as synergists to improve the FR properties of IFR/PP system. The synergistic action of metal containing compounds with APP has been attributed to the interaction of polyphosphoric acid formed during the thermal decomposition of APP and metal containing compounds (13) . The metal cations favor the cross-linking of polyphosphoric acid, thus increasing its viscosity leading to a more thermally stable char. However, the excessive use of metal containing inorganic compounds may cause the cracking of char, which acts as an insulating layer.
The concentration of additives may be reduced by incorporating synergists to the formulation and thus increasing the FR efficiency. In this study, the effect of a nonswelling clay, sepiolite, on the fire retardant behavior of various IFR-PP formulations was studied to investigate potential sepiolite-IFR interactions that will lead to the reduction of the total additives used. Sepiolite is a fibrous magnesium silicate with the theoretical half unitcell formula Si 12 O 30 Mg 8 (OH) 4 ·(H 2 O) 4 ·8H 2 O, and the structure is constituted by a central magnesium octahedral sheet enclosed by two tetrahedral silica layers, which extend as a continuous layer with an inversion every six units. This inversion provides the formation of rectangular nanostructured channels parallel to the fiber axis. The particular alignment of atoms produces a needlelike structure, which accounts for the compatibility with polymeric matrices because of their less particle-particle contact area than layered clays. Thanks to its high thermal stability and mechanical strength, it has been used as a reinforcement for many polymers (14, 15) . The clay layers can be individually dispersed in the polymer matrix either by exfoliation or intercalation providing that the surface of layers is compatible with the polymer (7, 16) . However, in case of nonpolar polymers such as PP, exfoliation or intercalation cannot be achieved because of the lack of affinity between the hydrophilic clay and the hydrophobic polymer (17) . Therefore, the clay surfaces should be made hydrophobic in order to facilitate exfoliation. Sepiolite surface can be modified by adsorption of quaternary ammonium salts or amines, grafting by silane reagents (14) . Recently, organomodified sepiolite was prepared by cetyltrimethylammonium bromide treatment and used as a synergist in IFR PP (18) . Compared to untreated sepiolite, organomodified sepiolite showed a better synergy with IFR-PP in limit oxygen index (LOI), UL-94 rating and pHRR. Micronization was reported to enhance the interaction between sepiolite and polymer by decreasing the agglomeration tendency of the bundles of microfibers (19) . Furthermore, it has been previously reported that maleic anhydrite-grafted PP (MAPP) may be required to provide dispersion of clays in PP because of the strong hydrogen bonding between oxygen groups of clay and hydroxyl or carboxyl groups (20, 21) . Previously, the potential of ball milling to improve the dispersion of clays in PP was investigated. It was stated the exfoliation could be provided by high-energy milling (17, 22) . However, no studies on the thermal and fire behavior of polymers containing milled clays, to authors knowledge, have been reported. In this study, pristine sepiolite has been milled by a simple planetary milling process prior to use in order to provide the dispersion of clays. The thermo-oxidative behavior of PP containing IFR and sepiolite has been extensively studied by TGA/DTG analysis.
Materials and methods
APP-based IFR (Exolit AP 760, Clariant Plastics and Coatings AG, Germany) and Eskisehir sepiolite (SEP, Ceramic Research Center, Eskişehir, Turkey) were used to increase FR properties of isotactic PP. Isotactic PP was kindly supplied by Clarinat Plastics and Coatings AG, Germany. Eskisehir sepiolite was wet milled by planetary mill (Pulverisette 5, Fritsch GmbH, Germany) under ambient conditions using ethanol (Merck KGaA, Germany, %96) as the dispersing medium. Eighty grams of ethanol-sepiolite suspension with a density of 1.15 g/cm 3 was fed to 250 ml grinding bowl and milled using balls (d = 3 mm) both made of ZrO 2 at a rate of 300 rpm for 60 min. After that ethanol was removed by evaporation under vacuum. Particle size measurement was performed using a zetasizer (Nano ZS 3600, Malvern, UK). The instrument software (ZetaSizer, Malvern, UK) was utilized to calculate zeta potential by the Hückel approximation. Morphology of sepiolite was analyzed by SEM (Supra 50 VP, Carl Zeiss, Germany) after Au-Pt coating under 20 kV beam voltage.
PP and additives were compounded by a twin-screw extruder operated with a constant temperature profile of 170°C and molded by injection (T melt = 175°C, P injection = 8 bar) (Microcompounder, Xplore Instruments BV, The Netherlands). The total content of FRs was kept constant (20 wt%) and APP-based IFR was replaced by 1.0, 2.5, 5.0 and 10.0 wt% sepiolite in the FR formulation. MAPP was purchased from Sigma-Aldrich Chemie GmbH, Germany and used to improve the compatibility of additives with the PP matrix. The effect of MAPP (Sigma-Aldrich Chemie GmbH, Germany) in the ratio of 5% on the flammability of composites was studied.
The flammability of specimens (80 mm × 10 mm × 4 mm) was measured according to ASTM D2863 in terms of LOI using an LOI test apparatus (Dynsco, USA). The flammability parameters of the samples were measured by cone calorimeter (Fire Testing Technology Ltd., UK) according to ISO 5660 under a heat flux of 35 kW/m2. Test specimens (100 mm × 100 mm × 3 mm) were not wrapped with aluminum foil, instead they were analyzed on aluminum boots (trays) because of the dripping of PP during melting as proposed earlier (23) . Simultaneous thermal analysis were performed by SDT (SDT Q600, TA Instruments, USA) up to 1000°C under airflow (100 ml/min). In order to perform a detailed scanning the heating rate of 5°C/min was chosen between 300°C and 600°C since most of the degradation processes occur within this temperature range, the heating range was set as 10°C/ min outside of this temperature range using the instrument software. Approximately 10 mg of sample was used for each test and the results were interpreted using the Universal Analysis 2000 software (TA Instruments, USA).
Results and discussion

Characterization of sepiolite
Zeta potential is an electrokinetic property of a substance that is used to explain the dispersion and agglomeration behavior of a substance (24) . The zeta potential/size analysis results for SEP before/after milling can be seen in Table 1 . The zeta potential of SEP particles was shifted away from the isoelectric point after milling. This result is an indication of the degree of dispersion of sepiolite aggregates, which may further enhance the dispersion of the clay in PP.
SEM micrographs of sepiolite before/after milling are given in Figure 1 . The presence of needlelike particles has been approved by the SEM images. Moreover, the disaggregation of the bundles is apparent when SEM image of sepiolite before milling ( Figure 1B ) is compared to SEM image of sepiolite after milling ( Figure 1D ).
LOI tests
LOI test is performed to determine the relative flammability of substances tested in vertical position and subjected to top surface ignition. LOI value is defined as the minimum concentration of oxygen by volume in a mixture of oxygen and nitrogen that either will support the combustion of a material for 3 min or consume 50 mm of the material (25) . The compositions of polymer samples and the effect of increasing sepiolite content on the LOI of IFR system can be seen in Table 2 . The LOI value of neat PP (19%) increased to 28% by the addition of 20 wt% IFR (PP/IFR20) and increased further to 32.2% when 2.5 wt% IFR was replaced by sepiolite in FR formulation (PP/IFR20/SEP2.5). Addition of SEP (10 wt%) did not further increase the LOI as in this case the content of APP-based FR was decreased by 1% in the PP composite. Because of the decreasing amount of APP-based FR, the synergistic effect of sepiolite could no longer be observed in terms of LOI. Therefore, the effective sepiolite content in FR formulation was determined as 2.5%. Moreover, the addition of MAPP clearly did not enhance the fire properties of PP/IFR20/SEP2.5 system as the LOI value decreased to 27.8%. Although MAPP could have provided a better dispersion of clays in the polymer matrix by promoting intercalation (26) , it was concluded to present antagonistic effects on the LOI of composites.
Cone calorimeter
The rate of heat released from a material is a useful tool to evaluate its fire behavior. The heat release rate (HRR) curve represents the fire behavior driven by the intrinsic properties of the material (char yield, effective heat of combustion, etc.), the properties of the specimen (thickness, deformation, etc.) and the physical and chemical mechanisms controlling during burning (endothermic reactions, release of radicals, etc.) (23) . HRR of reference PP, PP/IFR20, PP/IFR20/SEP2.5 and PP/MAPP/IFR20/ SEP2.5 were measured by the cone calorimeter and HRR curves are shown in Figure 2 .
In general, intumescent systems interfere with the self-sustained combustion of polymer at early stages and lead to the formation of char and foam on polymer surface (13) . The sharp HRR curve of neat PP is typical for noncharring materials (27) . Obviously, IFR system has provided formation of a char layer as several HRR peaks were obtained for PP/IFR20, PP/IFR20/SEP2.5 and PP/ MAPP/IFR20/SEP2.5 samples. The char layer formed acts as a physical barrier between gas and condensed phases and slows down the heat and mass transfer to the sample (13) . The formation of the second HRR peak observed for samples PP/IFR20, PP/IFR20/SEP2.5 and PP/MAPP/ IFER20/SEP2.5 may be attributed to the condensed phase activity of the IFR and IFR/sepolite system. Important flammability parameters such as time to ignition (TTI), peak heat release rate (pHRR), CO and CO 2 yield were also measured by the cone calorimeter and are tabulated in Table 3 . From the cone calorimeter data, total heat evolved per total mass loss (THE/TML) for samples was calculated and also tabulated in Table 3 .
The TTI measured for PP/IFR20 (42 s) was lower compared with the TTI of neat PP (52 s). The lowering of TTI suggests that the addition of IFR leads to a rapid increase in the surface temperature of sample because of the formation of a char layer, which then results in the fast decomposition of PP as explained previously (6) . The TTI was further reduced for PP/IFR20/SEP2.5 (30 s). This result indicates that the clay particles catalyze the decomposition of PP at the early stages (28) . The TTI value of PP/ MAPP/IFR20/SEP2.5 (34 s) was higher compared to the sample prepared without MAPP. The pHRR is defined as a numerical indicator of the intensity of a fire (29) . The pHRR of PP (1566.40 kW/m 2 ) was significantly reduced when IFR was incorporated into the PP. The substitution of sepiolite also caused a further decrease in pHRR. The peak of HRR of neat PP (1566.40) was greatly reduced with the incorporation of FRs. The pHRR of PP/IFR20 was 193.49 kW/m 2 , which improved by 51% for PP/IFR20/SEP2.5.
THE/TML is defined as the heat of combustion of volatiles multiplied by the combustion efficiency and is a good indicator of gas phase activity of FR (30) . THE/TML values calculated for reference PP, PP/IFR20, PP/IFR20/SEP2.5 and PP/MAPP/IFR20/SEP2.5 are also shown in Table 3 . THE/TML of reference PP (4.77) is higher than PP/IFR20 (3.94). Further reduction of THE/TML exhibited by PP/ IFR20/SEP2.5 (2.69) may be due to the formation of a more stable char layer in addition to dilution of the fuel. The CO production rate (g/s) is defined as the product of CO yield (kg/kg) and mass loss rate (g/s) (31) . The average CO production rates of reference PP, PP/IFR20, PP/ IFR20/SEP2.5 and PP/MAPP/IFR20/SEP2.5 were 6.8, 0.9, 0.4 and 1.3 mg/s, respectively. The average CO 2 production rates of reference PP, PP/IFR20, PP/IFR20/SEP2.5 and PP/ MAPP/IFR20/SEP2.5 were 376.5, 32.7, 14.3 and 58.6 mg/s, respectively. When FRs were added, both CO and CO 2 production rates decreased. The incorporation of sepiolite reduced the CO 2 production rate of IFR-PP system.
The residue images of reference PP, PP/IFR20, PP/ IFR20/SEP2.5 and PP/MAPP/IFR20/SEP2.5 samples after cone calorimeter tests are shown in Figure 3 . No char formation was observed for neat PP, whereas intumescent char formation was detected for PP/IFR20. A more stable char that acted as a barrier to heat transfer was observed for PP/IFR20/SEP2.5.
Thermal analysis
Thermo-oxidative behaviors of reference PP, PP/IFR20, PP/IFR20/SEP2.5 and PP/MAPP/IFR20/SEP2.5 samples were studied by thermogravimetric analysis under airflow. The results are shown in Figures 4 and 5 . The onestep degradation of reference PP initiated at 255°C, and Table 3 : Time to ignition (TTI), peak heat release rate (PHRR), average mass loss rate (avMLR), total heat evolved/total mass loss (THE/TML), CO and CO 2 release data of samples. only 4.3% of the initial mass remained at 357°C, which was then removed completely at approximately 500°C. A four-step mechanism for the degradation of intumescent-PP system has been reported by the others (32) . The additives react to form phosphate esters starting from 230°C, and the intumescence is developed between 280°C and 350°C. The degradation of intumescent char layer occurs between 350°C and 430°C, and new carbonaceous species are formed. The existence of a protective shield is mentioned between 430°C and 560°C, which is not protective at higher temperatures. The degradation of PP/ IFR20 sample initiated at 260°C, and a high rate of decomposition was observed up to 420°C. The mass residue at 420°C was 23.5%. Between 420°C and 600°C, a lower rate of decomposition was observed, which may be related to the protective layer that acts as a heat transfer barrier. The mass loss above this temperature was attributed to the decomposition of protective char layer. At 700°C, the residual mass was 7%, and a thermally stable residue was obtained between 700°C, the 1000°C. Moreover, the addition of sepiolite to the intumescent PP system (PP/IFR20/ SEP2.5) did not change the onset temperature of decomposition significantly (Table 4) . However, a more stable residue was obtained at higher temperatures, the residual mass being 9% at 700°C, and the incorporation of MAPP has slightly increased the onset decomposition temperature. However, the residual mass of PP/MAPP/IFR20/ SEP2.5 sample was lower than PP/IFR20/SEP2.5. The highest rate of decomposition was attained by reference PP at 335°C, and its value was 11%/min ( Figure 5 ). Two different rate steps were observed for the degradation of PP/IFR, PP/IFR/SEP2.5 and PP/MAPP/IFR20/ SEP2.5 samples. At the lower rate degradation step, the peak values for PP/IFR, PP/IFR/SEP2.5 and PP/MAPP/ IFR20/SEP2.5 samples were 2.6%, 2.1% and 2.3% per minute at 303°C, 299°C and 310°C, respectively ( Figure 5 ). The lowest rate of decomposition was observed for PP/ IFR20/SEP2.5 sample at this step. At the higher rate degradation step, a sharp peak was observed for PP/MAPP/ IFR20/SEP2.5 samples at 373°C, and its value was 6.5%/ min. MAPP is thought to catalyze the degradation of PP during the preparation of composites (10) . Broader peaks were observed for PP/IFR and PP/IFR/SEP2.5.
Samples
Thermal transitions of reference PP and FR-PP samples were recorded by DSC analysis, and the results are shown in Figure 6 . A strong exothermic peak was evolved for neat PP between 235°C and 400°C. Up to 255°C, this exothermic behavior was not accompanied by mass loss, which is typical to thermo-oxidative degradation of weakly stabilized PP (33) . Above 255°C, the exothermic signal can be related to decrease in the heat capacity of the sample because of mass loss. Two successive exothermic peaks were observed for FR incorporated samples PP/IFR20, PP/IFR20/SEP2.5, PP/MAPP/IFR20/SEP2.5. The first exothermic peak starting from 239°C for PP/IFR20 represents the degradation of neat PP and the generation of intumescence. The second exothermic peak that initiates at approximately 320°C stands for the degradation of intumescent char.
Conclusions
The effect of sepiolite on the IFR PP system was investigated. The dispersion of clays in polymer, which is a major challenge in the combination of clays and polymers, was enhanced by applying a simple planetary ball milling procedure. As the zeta potential measurements suggest; after ball milling, sepiolite bundles were disaggregated. The particle size of sepiolite was also slightly reduced. The formation of a char layer, which acts as a barrier for the transfer of heat and oxygen to the sample, was provided by PP/IFR20 as confirmed by several HRR peaks observed in cone calorimeter analyses (Figure 2 ). APP-based IFR improved the flammability properties of PP as the peak of HRR was reduced, and LOI was increased compared to the neat PP. When APP-based IFR was replaced by sepiolite (2.5 wt%), the flammability of the composite was improved in terms of LOI. The peak of heat release was also reduced from 193.49 kW/m 2 (PP/IFR20) to 94.68 kW/m 2 (PP/IFR20/ SEP2.5). The residual mass at 700°C was also higher for PP/ IFR20/SEP2.5 (9 wt%) compared to PP/IFR20 (7 wt%). Such increment was previously reported to have been resulted from the deceleration of loss of phosphoric acid fragments in the presence of clays (12) . The thermal decomposition of PP/IFR20 and PP/IFR20/SEP2.5 initiated at approximately 260°C and continued with a high rate until 420°C. Above 420°C, a lower rate of decomposition was observed.
When 5 wt% PP was replaced by MAPP (PP/MAPP/ IFR20/SEP2.5), the LOI of PP/IFR20/SEP2.5 was not further improved. The peak HRR of PP/MAPP/IFR20/ SEP2.5 (209.29 kW/m 2 ) was also higher than the peak HRR of PP/IFR20/SEP2.5. Thermo-oxidative stability of PP/ IFR20/SEP2.5 was reduced when MAPP was incorporated to the system, as the residual mass of PP/MAPP/IFR20/ SEP2.5 was 8 wt%. Overall, the addition of MAPP did not improve the flammability of PP/IFR20/SEP2.5, possibly because of the increasing amount of combustibles.
Sepiolite can be incorporated into the PP matrix successfully as a synergist to IFRs after a simple planetary milling process.
